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FIGURE 2B
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SYSTEM AND METHOD FOR
LITHOGRAPHY SIMULATION

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s a divisional of application Ser. No.

11/084,484, filed Mar. 18, 2005 now U.S. Pat. No. 7,120,895,
which 1s a divisional of 10/815,573, filed Apr. 1, 2004 (now
U.S. Pat. No. 7,003,758), which claims priority to U.S. Pro-
visional Application Ser. No. 60/509,600, entitled “System
and Method of Fast Lithography Simulation”, filed Oct. 7,
2003. The contents of which are incorporated by reference
herein 1n their entirety.

BACKGROUND OF THE INVENTION

This mvention relates to systems and techniques that are
used to measure, imspect, characterize, simulate and/or evalu-
ate the performance of lithographic systems and techniques;
and more particularly, 1n one aspect, to measure, nspect,
characterize, simulate and/or evaluate the optical character-
1stics and effects of lithographic systems and processing tech-
niques (for example, systems and techniques implemented in
the semiconductor fabrication/processing environments ).

Briefly, 1n the semiconductor industry, microlithography
(or simply lithography) 1s the process of printing the circuit
patterns on a semiconductor waler ({or example, a silicon or
(GaAs water). Currently, optical lithography 1s the predomi-
nant technology used 1n volume semiconductor manufactur-
ing. Such lithography employs light 1n the visible to deep
ultraviolet spectrum range to expose the resist on water. In the
future, extreme ultraviolet (EUV) and soit x-rays may be
employed. Following exposure, the resist 1s developed to
yield a relief 1image.

In optical lithography, a photomask (often called mask or
reticle) 1s first written using electron-beam or laser-beam
direct-write tools. A typical photomask for optical lithogra-
phy consists of a glass (or quartz) plate of six to eight inches
on a side, with one surface coated with a thin metal layer ({or
example, chrome) of a thickness of about 100 nm. The chip
pattern 1s etched 1nto the metal layer, hence allowing light to
transmit through. The area where the metal layer 1s not etched
away blocks light transmission. In this way, a pattern may be
projected onto a semiconductor wafer.

The photomask contains certain patterns and features that
are used to create desired circuit patterns on a water. The tool
used 1n projecting the mask image onto water 1s called a
stepper or scanner (hereinafter collectively called “photo-
lithographic equipment”, “scanner”, or “stepper’”). With ret-
erence to FIG. 1, the block diagram schematic of an optical
projection lithographic system 10 of a conventional stepper
includes an illumination source 12, an 1llumination pupil filter
14, lens subsystem 16a-c, mask 18, projection pupil filter 20,
and wafer 22 on which the aerial image of mask 18 1s pro-

jected.

With reference to FIG. 1, by way of background, 1llumina-
tion source 12 may be laser source operated, for example, at
UV (ultra-violet) or DUV (deep ultra-violet) wavelengths.
The light beam 1s been expanded and scrambled before 1t 1s
incident on i1llumination pupil 14. The 1llumination pupil 14
may be a simple round aperture, or have specifically designed
shapes for off-axis 1llumination. Off-axis 1llumination may
include, for example, annular 1llumination (1.e., the pupil is a
ring with a designed inner and outer radius), quadruple illu-
mination (1.e., the pupil has four openings 1n the four quadrant
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2

of the pupil plane), and other shapes like dipole i1llumination.
FIGS. 2A and 2B illustrate exemplary annular and quadruple
illumination, respectively.

With continued reference to F1G. 1, after illumination pupil
14, the light passes through the illumination optics (for
example, lens subsystem 16a) and 1s incident on photomask
(or mask) 18. The mask 18 contains the circuit pattern to be
imaged on water 22 by the projection optics. As the desired
pattern size on water 22 becomes smaller and smaller, and
that pattern becomes closer and closer to each other, the
lithography process becomes more challenging. In an effort
to 1improve 1maging quality, current processing techniques
employ resolution enhancement technologies (“RET”), such
as, for example, optical proximity correction (“OPC”), phase
shift masks (“PSM”), oft-axis illumination (“OAI”), con-
denser and exit pupil filters, and techniques applying multi-
level illumination (for example, FLEX).

Many of the RET technologies are applied on or directly to
mask 18. For example, OPC and PSM, which modity the light
wave to (1) compensate the imperfection of the imaging prop-
erty of the projection optics, for example, the OPC technol-
ogy 1s used to compensate the optical proximity effect due to
light interterence, and/or (2) take advantage of designed light
interferences to enhance the imaging quality, for example, the
phase shift mask technology is used to create phase shifting
between neighboring patterns to enhance resolution.

Notably, mask 18 may not be “periect”, due to 1ts own

manufacturing process. For example, corners on mask 18
may not be sharp but may be rounded; and/or the linewidth
may have a bias from design value where the bias may also
depend on the designed linewidth value and neighboring pat-
terns. These imperfections on mask 18 may affect the final
imaging quality.
The projection optics (for example, lens subsystems 165
and 16¢, and projection pupil filer 20) images mask 18 onto
waler 22. In this regard, the projection optics includes a
projection pupil filter 20. The pupil 20 limits the maximum
spatial frequency of the mask pattern that can be passed
through the projection optics system. A number called
“numerical aperture” or NA often characterizes pupil 20.
There are also proposed RET techniques that modify pupil
20, which 1s generally called pupil filtering. Pupail filtering
may include modulation for both the amplitude and the phase
on the passing light beams.

Due to the wavelength of light being finite, and current
techniques employing wavelengths that are larger than the
minimum linewidth that 1s printed on water 22, there are
typically significant light interference and diffractions during
the 1maging process. The 1maging process 1s not a perfect
replication of the pattern on mask 18. Current techniques
employ physical theory to model this imaging process. Fur-
ther, due to the high NA value of current lithography tools,
different polarizations of the light provide different imaging
property. To more accurately model this process, a vector-
based model may be used.

The projection optics may be diffraction-limited. However,
lens subsystem 16¢ 1n the projection optics 1s most often not
completely “pertect”. These imperfections may be modeled
as aberrations, which are often abstracted as some undesired
phase modulation at the pupil plane, and are often represented
by a set of Zernike coellicients. After the light finally reaches
the surface of wafer 22, they will further interact with the
coatings on waler 22 (for example, the photo-resist). In this
regard, different resist thickness, different optical properties
of the resist (for example, its refractive index), and different
material stack under the resist (for example, bottom-anti-
reflection-coating or BARC), may further atfect the imaging
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characteristics itself. Some of these effects may also be
abstracted by a modulation at the pupil plane.

When the resist 1s exposed by the image and thereafter
baked and developed, the resist tends to undergo complex
chemical and physical changes. First principle and empirical
models have been developed to simulate these processes.

To design and evaluate the specific implementations of the
mask, including a mask implementing RET, and to assess the
impact on the quality of the printed pattern on water from the
RET design combined with the stepper settings and charac-
teristics, computer simulations have been employed to 1mi-
tate the anticipated and/or expected results. Notably, physical
models have been developed for nearly every step of the
lithography process, including mask making, stepper’s imag-
ing path from illumination to on-wafer 1mage, and the resist
exposure and development.

Currently, there are a number of computer software tech-
niques that address needs in lithography simulation. For
example, there 1s first-principle-modeling-based simulation
soltware that conducts detailed simulation of the physical and
chemical processes, but runs extremely slow and hence lim-
ited to extremely small area of chip design (on the order of a
few square microns), for example, “SOLID-C” from
Sigma-C (Campbell, Calif., USA) and “Prolith” from KL A-
Tencor (San Jose, Calif., USA). Although there 1s computer
soltware that executes and provides simulation results faster,
such software uses empirical models that are calibrated to the
experimental data (for example, “Calibre” from Mentor-
Graphics (Wilsonville, Oreg., USA). Even for the “fast”
simulation that uses empirical model, a stmulation at a full-
chip level often requires tens of hours to many days.

Moreover, to more fully understand, design, analyze and/or
predict the lithography process, the entire process, from 1illu-
mination—to mask—to 1maging—to resist, should, or may
need to be analyzed and/or simulated. Due to the complex
models and the large amount of design data (today’s VLSI
design data can reach tens of GB per layer), brute-force
computation on general-purpose microprocessors tends to be
unwieldy and time-consuming. Further, employing highly
specialized mainframe computers would likely require an
extensive investment thereby making the process uneconomi-
cal.

There 1s a need for a system and technique that accelerates
lithography simulation, inspection, characterization and/or
evaluation of the optical characteristics and/or properties, as
well as the effects and/or imteractions of lithographic systems
and processing techniques that overcome one, some or all of
the shortcomings of the conventional systems and
approaches. There 1s a need for a system and technique that
tacilitates verification, characterization and/or mspection of
RET designs, including detailed simulation of the entire
lithography process to verity that the RET design achieves
and/or provides the desired results on final water pattern.

Moreover, there exists a need for a system and technique
that rapidly simulates, characterizes, inspects, verifies and/or
enables RET designs and photolithographic equipment opti-
mization and processes (for example, critical dimension
(“CD”, 1.e., linewidth of the critical lines 1n the integrated
circuit design), line-end pullback, edge placement error for
one, some or every pattern at one, some or every location,
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and/or printing sensitivity to process variations such as mask
error, focus, dose, numerical aperture, 1llumination aperture
and/or aberration).

SUMMARY OF THE INVENTION

There are many 1inventions described and illustrated herein.
In one aspect, the present invention 1s a system and method
that accelerates lithography simulation, mspection, charac-
terization and/or evaluation of the optical characteristics and/
or properties, as well as the effects and/or interactions of
lithographic systems and processing techniques. In a first
principal aspect, the present invention 1s a system and method
for stmulating a lithographic design comprised of a plurality
of polygons (which may or may not include resolution
enhancement technology(ies)) arranged 1n a predetermined
configuration. The system of this aspect of the mmvention
comprises a microprocessor subsystem to convert the plural-
ity ol polygons to a pixel-based bitmap representation thereof
(for example, a multi-level image such as 2, 4, 8, ... 64, 128,
256 or gray-level). The pixel-based bitmap includes pixel
data, wherein each pixel datum represents a pixel having a
predetermined pixel size.

The system further includes an accelerator subsystem,
coupled to the microprocessor subsystem, to calculate at least
a portion of the aerial image of the lithographic design using
the pixel-based bitmap representation of the lithographic
design. The accelerator subsystem includes a plurality of
programmable gate arrays configured to process the pixel
data in parallel.

In one embodiment, the pixel size may be greater than the
Nyquist frequency 1n the aerial image of the lithographic
design and/or determined using the numerical aperture and
wavelength of a projection optics of a lithographic tool.

In another embodiment, the system includes a plurality of
accelerator subsystems, each accelerator subsystem being
coupled to the microprocessor subsystem and provided a
portion ol the pixel-based bitmap. Fach accelerator sub-
system calculates an aerial image of the lithographic design
corresponding to the portion of the pixel-based bitmap using
the pixel data associated therewith. The plurality of accelera-
tor subsystems, 1n one embodiment, each performs Fast Fou-
rier Transforms, using pixel data, to generate the correspond-
ing portion of the aerial image. Notably, the microprocessor
subsystem of these embodiments may include a plurality of
microprocessors wherein each microprocessor 1s coupled to
at least one associated accelerator subsystem.

The accelerator subsystem may also calculate an aerial
image 1n resist formed on a water using the pixel-based bait-
map representation of the lithographic design and a coetii-
cient matrix representing projection and illumination optics
of a lithographic tool.

The accelerator subsystem may calculate a pattern formed
on the water by the lithographic design using the pixel-based
bitmap representation of the lithographic design and the coet-
ficient matrix representing projection and illumination optics
of a lithographic tool.

The system of this invention may also include a processing,
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to compare the calculated pattern on
the water to a desired, predetermined pattern. The processing
system may, 1n addition or 1n lieu thereot, (1) determine a CD
of the lithographic design, (2) detect an error in the litho-
graphic design in response to a comparison between the cal-
culated pattern on the wafler and a desired/predetermined
pattern, and/or (3) determine edge placement of the litho-
graphic design using the calculated pattern on the water.
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Notably, 1n response to detecting the error, the processing
system may determine a modification to the lithographic
design to correct the error in the lithographic design.

Moreover, the processing system may determine a printing,
sensitivity using patterns on the water calculated 1n response
to varying the coellicients of the matrix representing projec-
tion and 1llumination optics of a lithographic tool. The coet-
ficients of the matrix representing projection and illumination
optics of a lithographic tool may be representative of one or
more of a focus, dose, numerical aperture, 1llumination aper-
ture, and aberration. Indeed, the processing system may
determine a set of parameters of the projection and 1llumina-
tion optics of the lithographic tool using the printing sensi-
tivity.

In another principal aspect, the present invention 1s a sys-
tem and method for simulating a lithographic design (com-
prised of plurality ol polygons (which may or may not include
resolution enhancement technology(ies)) arranged 1n a pre-
determined configuration). The system comprises a micro-
processor subsystem, 1ncluding a plurality of microproces-
sors, to convert the lithographic design to a pixel-based
bitmap representation thereol (for example, a multi-level
image such as 2, 4, 8, . . . 64, 128, 256 or gray-level). The
pixel-based bitmap includes pixel data, wherein each pixel
datum represents a pixel having a predetermined pixel size
(for example, determined using the numerical aperture and
wavelength of a projection optics of a lithographic tool and/or
greater than the Nyquist frequency 1n the aenal image of the
lithographic design).

The system further includes a plurality of accelerator sub-
systems, wherein each accelerator subsystem includes a plu-
rality of programmable mtegrated circuits configured to pro-
cess the pixel data in parallel. In addition, each accelerator
subsystem 1s connected to an associated microprocessor to
calculate a portion of an aerial image of the lithographic
design using the corresponding portion of the pixel-based
bitmap representation of the lithographic design. In certain
embodiments, each of the accelerator subsystems performs
Fast Fourier Transforms, using pixel data, to generate the
corresponding portion of the aerial image.

The plurality of accelerator subsystems, 1n one embodi-
ment, calculate an aerial image 1n resist formed on a water by
the lithographic design using the pixel-based bitmap repre-
sentation of the lithographic design and a coeltlicient matrix
representing projection and illumination optics of a litho-
graphic tool. In another embodiment, the accelerator sub-
systems calculate a pattern formed on the water by the litho-
graphic design using the pixel-based bitmap representation of
the lithographic design and the coellicient matrix represent-
ing projection and 1llumination optics of a lithographic tool.

The system may further include a processing system,
coupled to the microprocessor subsystems and the accelerator
subsystems, to: (1) compare the calculated pattern on the
waler to a desired/predetermined pattern, and/or (2) deter-
mine a CD of the lithographic design using the calculated
pattern on the wafer, and/or (3) determine an edge placement
of the lithographic design using the calculated pattern on the
waler, and/or (4) determine a printing sensitivity using pat-
terns on the wafer calculated 1n response to varying the coet-
ficients of the matrix representing projection and 1llumination
optics of a lithographic tool ({or example, one or more of a
focus, dose, numerical aperture, 1llumination aperture, and
aberration of the projection and 1llumination optics). Indeed,
the processing may determine a set of parameters of the
projection and illumination optics of the lithographic tool
using the printing sensitivity.
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Moreover, the processing system may (1n addition or in lieu
thereol) detect an error 1n the lithographic design 1in response
to a comparison between the calculated pattern on the water
and a desired, predetermined pattern. In response to detecting
the error, the processing system determines a modification to
the lithographic design to correct the error 1n the lithographic
design.

Again, there are many inventions described and 1llustrated
herein. This Summary of the Invention 1s not exhaustive of the
scope ol the present invention. Moreover, this Summary 1s not
intended to be limiting of the mvention and should not be
interpreted 1n that manner. While certain embodiments, fea-
tures, attributes and advantages of the inventions have been
described in this Summary, it should be understood that many
others, as well as different and/or similar embodiments, fea-
tures, attributes and/or advantages of the present inventions,
which are apparent from the description, illustrations and
claims, which follow.

BRIEF DESCRIPTION OF THE DRAWINGS

In the course of the detailed description to follow, reference
will be made to the attached drawings. These drawings show
different aspects of the present invention and, where appro-
priate, reference numerals 1llustrating like structures, compo-
nents, materials and/or elements 1 different figures are
labeled similarly. It 1s understood that various combinations
of the structures, components, materials and/or elements,
other than those specifically shown, are contemplated and are
within the scope of the present invention.

FIG. 1 1s a schematic representation of the optical pathin a
step-and-repeat or step-and-scan optical lithography system
with refractive optics (referred to as stepper 1n later text). The
mask contains the circuit pattern to be imaged on the wailer by
the reduction lens system:;

FIGS. 2A and 2B illustrate exemplary conventional annu-
lar and quadruple 1llumination pupils, respectively;

FIG. 3 1s a schematic block diagram of a lithographic
simulation system, according to certain embodiments of cer-
tain aspects ol the present mventions;

FIG. 4 15 a flow chart of the simulation process, according,
to certain embodiments of certain aspects of the present
inventions:

FIG. 5 1s a schematic block diagram of a lithographic
simulation system, according to certain embodiments of cer-
tain aspects of the present mventions;

FIG. 6 1s a schematic block diagram of an accelerator
subsystem architecture of FIG. 3, according to certain
embodiments of the present inventions; and

FI1G. 7 1s atlow chart of the D:'T inspection process, accord-
ing to certain embodiments of certain aspects of the present
iventions.

DETAILED DESCRIPTION

There are many 1inventions described and illustrated herein.
In one aspect, the present invention 1s directed to a technique
of, and system for simulating, verifying, inspecting, charac-
terizing, determining and/or evaluating the lithographic
designs, techniques and/or systems, and/or individual func-
tions performed thereby or components used therein. In one
embodiment, the present invention 1s a system and method
that accelerates lithography simulation, mspection, charac-
terization and/or evaluation of the optical characteristics and/
or properties, as well as the effects and/or interactions of
lithographic systems and processing techniques. In this
regard, in one embodiment, the present invention employs a
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lithography simulation system architecture, including appli-
cation-specific hardware accelerators, and a processing tech-
nique to accelerate and facilitate verification, characterization
and/or inspection of a mask design, for example, RET design,
including detailed simulation and characterization of the
entire lithography process to verity that the design achieves
and/or provides the desired results on final water pattern. The
system 1ncludes: (1) general purpose computing device(s) to
perform the case-based logic having branches and inter-de-
pendency 1n the data handling and (2) accelerator system to
perform a majority of the computation intensive tasks.

In particular, with reference to FIG. 3, 1n one embodiment,
general purpose-type computing device(s) 112 are pro-
grammed and/or configured to handle job management of the
overall operations of system 110 including, for example, par-
titioning the design database for analysis and conversion by
accelerator system 116. In addition, general purpose-type
computing device(s) 112 facilitates interaction with the user
or operator (1.¢., the “outside world”) via, for example, client
computer(s) (not 1illustrated) that provide operator or user
access to system 110 for job setup and/or results review/
analysis.

With continued reference to FIG. 3, accelerator system 116
may be programmed to perform case-based logic having
branches and inter-dependency in the data handling. In this
regard, accelerator system 116 includes a microprocessor
subsystem to manipulate and process the polygon (or the like)
patterns that are typical with conventional lithographic simu-
lation and design systems/techniques. Since there are many
polygons 1n a typical design, and there are many different
types and cases of polygons, system 110 employs micropro-
cessor subsystem of accelerator system 116 to implement
programs or routines that manipulate the case-based logic
(for example, “if this case, then; else 11, then; and so on™).

The accelerator system 116 further includes suitably a
programmed and configured accelerator subsystem (1nclud-
ing application-specific hardware accelerators) that 1is
coupled to the microprocessor subsystem to perform pixel-
based 1image processing (for example, pixel-based gray-level
image simulation). The pixel-based 1mage processing may
involve pixel-based computation, for example, filtering, re-
mapping, Fourier Transform or other types of transformation.
In these pixel-based computations, the data inter-dependency
1s minimized—which facilitates implementing parallel and
pipelined computation.

With reference to FIG. 4, in one embodiment of the present
invention, the lithography simulation, imspection, character-
1zation and/or evaluation process imncludes pixel based lithog-
raphy simulation. In those instances where the design data-
base 1s based on polygons or the like, system 110 converts the
polygon based database (containing the particular design) to
a pixel-based 1mage(s) (see, box 120 and 122). There are
many techniques for converting a polygon (or the like) to a
multi-level image (for example, 2, 4, 8, . .. 64, 128, 256 or
gray-level image). All such techniques, whether now known
or later developed, are intended to be within the scope of the
present imnvention. For example, one method of conversion
involves two major processes:

(1) Fill a sub-pixel binary bitmap using scan-line process or
technique. The sub-pixel size can be selected to be a
fraction of the final pixel size, for example, 14 of a pixel.
For each sub-pixel, i1 the sub-pixel 1s within a polygon,
the sub-pixel 1s filled 1n 1; otherwise1t1s filled 1n 0. More
sophisticated techniques include dithering, which is able
to 1ncrease the filling resolution without reducing the
sub-pixel size, but fill some sub-pixels as 1 and others as
0 11 some neighboring sub-pixels are on the polygon
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edge (hence not completely inside nor completely out-
side a polygon). Dithering 1s a standard computer graph-
ics technique; and/or

(2) Apply an anti-aliasing filter to the sub-pixel binary

bitmap, and at the same time down-sample the bitmap
image to a pixel-sized multi-level image (for example,
gray level image). Anti-aliasing filter 1s a standard tech-
nique in 1mage processing, and 1s used to limait the spatial
frequency band of the image before down-sampling, so
as to avoid aliasing. The design of the anti-aliasing filter
needs to minimize the frequency content that will be
folded back into the frequency band after down-sam-
pling.

One significant advantage of using these two techniques 1n
the polygon-to-gray-image conversion 1s that the polygon
overlap 1s then automatically addressed. That 1s, when there 1s
overlap of a polygon structure, a sub-pixel 1s filled with 1
twice when 1t resides 1n an overlapped area (or “filled” with 1
multiple times 11 the overlap involves more than two poly-
gons ), with the final filled value still being 1. So, any overlap
1s automatically resolved during the conversion process.

A significant decision 1n this 1mage conversion step 1s the
selection of the pixel size. In this regard, implementing a
larger pixel s1ze may result 1n a smaller amount of computa-
tion required in the downstream or later processing, and a
larger induced 1mage processing error. In one embodiment,
the pixel size 1s selected so that 1t can sample the 1image above
Nyquist frequency 1n the aerial image. It 1s well known in the
science of optical lithography that, regardless of 1llumination,
partial coherence, and/or RET (for example, OPC and PSM)
on masks, the maximum spatial frequency 1n the light inten-
sity distribution on waler plane may be characterized as
2xNA/A, where NA 1s the Numerical Aperture of the stepper
projection optics, and A 1s the wavelength used in the imaging.
It 1s also known in 1mage processing that, 1f the sampling
frequency 1s above twice of the maximum spatial frequency
existing 1in the original image, one can accurately re-construct
the original image from the sampled 1image. This 1s known as
the Nyquist theorem, and the 2x of the maximum existing
spatial frequency 1n the original 1image 1s called the Nyquist
frequency. Accordingly, employing this relationship, the
Nyquist sampling rate for acrial image 1n a stepper 1s 4xNA/A.
As such, the pixel size may be at p=A(4xNA) or smaller. For
examples, for wavelength of 193 nm, and NA=0.63, the pixel
size p may be 74 nm or smaller. For wavelength of 248 nm,
and NA=0.65, the pixel size p may be 95 nm or smaller.

It should be noted that the pixel size selection described
above 1s at the waler aerial 1mage level. Certain steppers
implement an 1image size reduction when 1imaging from mask
to waler, and the pixel size on mask may be adjusted. For
example, 1f the stepper reduction ratio 1s 4x, then the Nyquist
sampling pixel size on mask 1s 4x larger than that on the
waler. Thus, under these circumstances, the sampling pixel
s1Ze may be adjusted.

The converted pixel-based gray level image 1s representa-
tive of the mask. Mask RET (for example, OPC and PSM)
may be incorporated 1nto this image, since the RET features
are typically part of the polygon database. For example, in the
context of OPC, the decorations are typically extra polygons,
so they automatically become part of the gray-level image. In
the context of PSM, 11 there are only two types of phases “0”
and “180” degrees, the sub-pixel bitmap may be filled with
“~1” 1n the 180-degree phase region during the polygon-to-
bitmap conversion, and the final gray-level image will involve
both positive and negative values. Indeed, where the PSM
includes phase differences beyond just O and 180 degrees, the
bitmap value may include a corresponding phase factor, and
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the gray-level image may also consist of complex numbers,
where a complex number 1ncludes real and imaginary part.

As mentioned above, conversion of the design database
(consisting of polygons or the like) to a pixel-based image(s)
(see, box 120 and 122) 1s performed and/or accomplished by
the microprocessor subsystem of accelerator system 116.

In one embodiment, anti-aliasing filtering techniques may
be implemented (see, box 122). That1s, since the anti-aliasing,
filtering may be implemented as a linear operation, the dii-
terent phase layers may be converted to binary bitmap then to
a multi-level image (for example, gray-level image) individu-
ally, then multiplied with their individual phase factor, then
added up to obtain a final multi-level 1mage (for example
gray-level image) with complex pixel values. The anti-alias-
ing filtering techniques (box 122), in one embodiment, may
be performed and/or accomplished by accelerator system 116
using the binary bitmap image of the polygon design database
(output of box 120).

With continued reference to FIG. 4, after the design data-
base 1s converted to a gray-level image, 1n one embodiment,
that image may be applied to processing to model the system-
atic mask errors 1nto the 1image (see, box 124). For example,
common mask errors include bias and corner rounding,
caused by the imperfections in the mask’s manufacturing
process, for example, ebeam proximity effect and resist
development. Corner rounding refers to the fact that corners
on mask are not sharp but rounded (caused by, for example,
the finite size of writing beam spot, and the resist develop-
ment low-pass effect), and can be modeled by introducing an
edge rounding effect for all corners, for example, using a
quarter of a circle to replace the sharp 90 degree intersection
of two straight edges.

Bias refers to the difference between the actual linewidth
and the design value (which may be caused by, for example,
the resist over-development or under-development). Notably,
that difference may depend on the designed linewidth value
and neighboring patterns (caused by, for example, ebeam
proximity efiect). Bias can often be modeled by a gray-level
morphological operation on the image, with a dilation or
erosion value that depends on the pattern’s size and pattern’s
neighborhood to account for the proximity effect. These tech-
niques are well known to those skilled 1n 1mage processing.

Notably, the mask error modeling tunction (box 124) may
be optional and, as such 1s represented 1n a dashed line format.
For example, 1n those instances where the masks are made
with high quality techniques, the final effect on water due to
mask error maybe negligible. Accordingly, this mask error
modeling need not be implemented.

Further, the mask error modeling function (box 124), in
one embodiment, may be performed and/or accomplished by
the accelerator subsystem of accelerator system 116 using,
for example, the bitmap 1mage of the polygon design data-
base, as described above.

With continued reference to FIG. 4, the next process 1s to
model the aerial imaging path through the projection optics
and under the designed 1llumination scheme (see, box 126).
The physical imaging model has been well established 1n
optical science, either scalar or vector imaging model may be
used. Vector model 1s becoming more important as the optical
lithography moves to high-NA systems (high NA generally
refers to NA larger than 0.6). Over the past decade, there have
been various techniques developed to speed up the computa-
tion.

One example 1s to decompose the total imaging system into
a series of coherent imaging systems with decreasing impor-
tance, 1.¢., smaller and smaller eigenvalues of a matrix called
Transmission Cross Coellicients (TCC) which 1s a matrix
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defined by the projection and illumination optics but indepen-
dent of the mask pattern itself. The decomposed coherent
systems are often called as eigen-systems. Depending on the
accuracy requirement, various numbers of eigen-systems can
be 1mncluded. The majority of the aerial 1image computations
may employ Fast Founier Transforms (FFTs), both forward
and backward, to generate the aerial 1mage. Because a dii-
fraction-limited coherent optical imaging system may be
readily characterized as a series of Fourier Transforms, 1t may
be advantageous to employ FFTs to generate the aerial image
of the design. All these transforms, when applied on pixel
based 1mage, may be regular pixel-based computations.

Further, the aerial image generation (box 126), in one
embodiment, may be performed and/or accomplished by
accelerator subsystem 116 using, for example, the bitmap
image of the polygon design database as modified by addi-
tional processing (for example, anti-aliasing filtering tech-
niques 122 and/or mask error modeling 124), if any.

During the aerial 1mage generation/computation 126, the
waler-surface resist stack parameters (for example, thickness,
BARC and/or refractive index) may be incorporated 1nto the
TCC equations. Various non-mask RET technologies may
also be incorporated, for example, the off-axis 1llumination
and pupil filtering, as part of the TCC computation equations.
Further, the imperfections in optics, for example, aberration
and/or light scattering, may also be incorporated in the aerial
imaging equations, by accordingly modifying the pupil filter-
ing from 1deal case.

With continued reference to FIG. 4, the aerial image in the
resist 1s responsible for exposing the resist itself. For a rigor-
ous first-principle modeling (1.¢., resist simulation 128), a 3D
intensity distribution of the aerial image inside the resist may
be employed. For certain embodiments of resist modeling, a
2D aerial image distribution on one plane may be employed,
for example, the aerial image at a certain distance above the
waler surface. With the computed aerial image, many difier-
ent resist models may be applied. A resist model simulates
and/or models the physical and chemical processes and pre-
dicts the final developed resist edge location, and/or resist
profile. Notably, all such models and modeling techniques,
whether now known or later developed, are intended to be
within the scope of the present invention.

In one embodiment, the edge locations and/or edge profile
may be compared with experimental results, for example,
SEM 1mage, CD values measured by metrology tools (for
example, CD-SEM, optical CD tools), to verily and calibrate
the resist model parameters.

Notably, the resist modeling may be reduced to regular
pixel-based computation, for example, filtering, re-mapping,
and hence 1s suitable for hardware acceleration. As such, the
resist modeling or simulation (box 128), 1n one embodiment,
may be performed and/or accomplished by accelerator sub-
system 116 using, for example, the binary bitmap 1 image of
the polygon design database (see, box 120) directly, or using
the bitmap 1mage of the polygon design database as modified
by additional processing (for example, anti-aliasing filtering
techniques 122 and/or mask error modeling 124), or directly
to the aenal 1mage generated thereby (see, box 126).

The next operation, also 1n a dashed box illustrated 1n FIG.
4, 1s the modeling of the substrate etching process (see, box
130). This operation 1s often unnecessary 1n current lithogra-
phy simulation and/or analysis, since the etching process may
be considered as a separate and independent process from
lithography. However, the etch process may be incorporated
into the present ivention.

Simulation of substrate etching processes may also be
reduced to pixel-based processing. As such, the etch process
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simulation (box 130), 1n one embodiment, may be performed
and/or accomplished by accelerator subsystem 116 using, for
example, the binary bitmap image of the polygon design
database (see, box 120) directly, or using the bitmap image of
the polygon design database as modified by additional pro- 5
cessing (for example, anti-aliasing filtering techniques 122,
mask error modeling 124, and/or resist simulation 128), or
directly to the aerial image generated thereby (see, box 126).

With continued reference to FIG. 4, after determination
and/or 1dentification of edge locations of a design, the printed 10
pattern on water may be determined, inspected, characterized
and/or evaluated (see, box 132). By connecting the edge
points 1dentified, the simulated wafer pattern 1s constructed.
These predicted water patterns may be used for various appli-
cations, for example, comparing to design-target (1.e., the 15
desired pattern on water) to verity that the RET design 1s
indeed achieving 1ts goal and has not generated errors. A
discussion of various and/or suitable applications (box 134)
are provided 1n detail below.

In one embodiment of the present invention, hardware 20
acceleration refers to the technique of using hardware (for
example, electronic boards containing computing engines,
communication chips and/or memories) that 1s more efficient
for pixel-based type of computation than general purpose-
type microprocessor based computing device. The accelera- 25
tor hardware may be implemented with the highly configured
and specifically programmed general purpose-type comput-
ing devices (for example, general purpose microprocessors
and/or programmable logic devices), and, as such, offload
significant computation processes from the microprocessor. 30
In this way, the system computes simulation data 1n a more
parallel and pipelined fashion.

For example, with reference to FIG. 3, in one embodiment,
the microprocessor subsystem of accelerator system 116 may
handle those computations that heavily depend on case-based 35
logic, for example, polygon conversion to bitmap represen-
tation thereof, while accelerator subsystem of accelerator
system 116 handles those computations that have less (or
little to no) data inter-dependency. As such, in this configu-
ration, the computational intensive tasks performed by the 40
accelerator subsystem may be parallelized and computed 1n a
pipelined fashion, for example, image filtering (box 122 of
FIG. 4), image transformations such as a Fourier Transiorm
(box 126 of FIG. 4) and/or resist modeling/simulation (box
128 of FIG. 4). 45

With reference to FIG. 5, in one embodiment, system 110
includes one or more general purpose-type computing system
112, for example, application processing system 114a and
front-end processing system 1145. The application process-
ing system 114a 1s suitably configured to handle job manage- 50
ment of the overall operations of system 110. In particular, in
one embodiment, application processing system 114a
includes application processing device 136 and application
SCSI RAID 138a. The application processing device 136 1s
suitably programmed to provide management of the opera- 55
tions of the various components of system 110. In this regard,
for example, application processing device 136 may be pro-
grammed to partition the design database for the various
components of accelerator system 116, thereby speciiying
the individual jobs, functions or processes performed by com- 60
ponents of accelerator system 116. The SCSI RAID hard-disk
array 138a provides storage for the programs and data (for
example, design database) used by application processing
device 136.

The front-end processing system 1145 includes front-end 65
processing device 140 which i1s suitably programmed to
handle or perform direct interaction with the user or operator
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(1.e., the “outside world”) via, for example, client computer(s)
(not illustrated) that provide operator or user access to system
110 for job setup and/or results review/analysis. The SCSI
RAID hard-disk array 1385, associated with the front-end
processing device should be a high capacity storage device,
since hard-disk array 1385 used to store results and images of
many simulation jobs. The front-end processing system 11456
also communicates with application processing system 114a,
to provide or retrieve data to or from application SCSI RAID
138a (for example, the design database), and instructs the
application processing system 114a to start a job, as
instructed by the user or operator.

With continued reference to FIG. 5, application processing,
system 114a and front-end processing system 1145 connect
with accelerator system 116, for example, through high speed
switches (for example, gigabit-Ethernet switches 142a and
1425). The switches 142a and 14256 may be Dell 5224 Power
Connect, manufactured and provided by Dell Computer
(Austin, Tex., USA). The implementation and operation of
the Dell 5224 Power Connect are described 1n detail 1n appli-
cation notes, technical/journal articles and data sheets, all of
which are mcorporated by reference herein.

In one embodiment, all or substantially all of the actual
computationally intensive tasks may be conducted by accel-
erator system 116, and, 1n particular, one or more accelerator
components 116a-n. This architecture of the present mven-
tion allows scalable computation capacity, by changing the
number of accelerator hardware components 116a-7. More-
over, this architecture also enables or enhances overall fault-
tolerance of the system. For example, should a given accel-
crator hardware component 116a-r fail, i1ts jobs may be
re-assigned to the other accelerator hardware components
116a-n, and, 1n this way, system 110 maintains its operational
condition/state.

In particular, accelerator system 116 may include one or
more accelerator components 116a-x, each having one of
microprocessor subsystem 144q-r (including one or more
microprocessors), one or more accelerator subsystems 146a-
n, and local or resident memory storage 148a-» coupled to an
associated microprocessor subsystem 144a-r. The extent or
amount ol hardware acceleration capability may be balanced
with microprocessor subsystems 144a-r, depending on the
extent or amount of computation to be performed.

In one embodiment, microprocessor subsystems 144a-7
cach includes two Xeon microprocessors manufactured by
Intel (Santa Clara, Calif., USA). The accelerator subsystems
146a-n each includes a plurality of Application-Specific Inte-
grated Circuit (ASIC), special-purpose DSP integrated cir-
cuits, and/or programmable gate arrays (for example, field-
programmable gate arrays (“FPGAs™)). In fact, each of the
accelerator subsystem 146a-» may include multiple accelera-
tor subsystems, for example, accelerator subsystem 146a
may include all the accelerator subsystems 146al1-146ax, as
illustrated in FIG. 5. In this way, when fully utilized, each of
the accelerator subsystems 146a-z contains computational
capacity of roughly twenty-five Xeon microprocessors.

The bus 150a-n facilitates high-speed communication
between microprocessor subsystem 144aq-z and associated
accelerator subsystem(s) 146a-z. The communication proto-
cols and techniques on bus 150a-» may be PCI, PCIX, or
other high-speed communication protocols and techniques.
Indeed, any high-speed technique, whether now known or
later developed, may be implemented over bus 150a-7. Nota-
bly, 1n one embodiment, the bus interface may be 1mple-
mented using a 21P100BGC PCI-X bridge (64 bit/133 MHz)
from International Business Machines Corporation (Armonk,
N.Y., USA). The mmplementation and operation of the
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21P100BGC are described 1n detail in application notes, tech-
nical/journal articles and data sheets, all of which are incor-
porated by reference herein.

With reference to FIG. 6, in one embodiment, each accel-
crator subsystem 146a-» includes a plurality of program-
mable logic mtegrated circuits 152a-x, for example, high-end
FPGA, coupled to associated high speed memory 154a-x ({or

example, DDR SDRAM, MT46V2M32V1 from Micron
Technologies of Boise, Id., USA) via a bus ({or example, 64
b1t/266 MHz). In one embodiment, four FPGAs are imple-
mented, each including 3 maillion gates. The FPGAs may be
XC2V3000, manufactured by Xilinx (San Jose, Calif., USA).
The mmplementation and operation of the XC2V3000 are
described in detail 1 application notes, technical/journal
articles and data sheets, all of which are incorporated by
reference herein.

The programmable logic 152a-x are suitably programmed
and configured to perform all or substantially all of the com-
putations that have less (or little to no) data inter-dependency,
for example, the anti-aliasing filtering techniques (box 122 of
FIG. 4), mask error modeling (box 124 of FIG. 4), aerial
image generation (box 126 of FIG. 4), resist simulation (box
128 of F1G. 4) and/or water patter generation processing (box
132 of FIG. 4). As such, programmable logic 152a-x 1s not
employed to address those tasks that heavily depend on case-
based logic, for example, polygon conversion to binary bit-
map (box 120 of FIG. 4).

With continued reference to FIG. 6, each accelerator sub-
system 146a-» turther includes programmable logic 156, for
example, complex programmable logic device (“CPLD”)
coupled to associated non-volatile memory 158 (for example,
Flash memory, TE28F128J3A-150 from Intel (Santa Clara,
Calif.,, USA). In one embodiment, CPLD may be
XCR3384X1L-10TQ144, manufactured by Xilinx (San Jose,
Calif., USA). In short, the CPLD 1s used to program FPGA by
transierring FPGA code from the FLASH. The implementa-
tion and operation of the XCR3384XL-101TQ144 are
described 1n detail in application notes, technical/journal
articles and data sheets, all of which are incorporated by
reference herein.

In one embodiment, the computations that may be or are
performed by accelerator subsystems 146a-2 include, for
example, anti-aliasing filtering and down-sampling, FFTs for
aerial image computation, image filtering and/or thresholding
operations 1n resist modeling. The computations that may be
handled by microprocessor subsystem 144a-» include: poly-
gon to binary bitmap conversation, application programs or
processes (for example, RET verification through compari-
son, defect merging). The partitioning of computing tasks
between microprocessor subsystem 144a-r and accelerator
subsystems 146a-n 1s application-dependent and may vary
from application to application or job to job. The optimal
partitioning 1s to balance the computation time between
accelerator subsystems 146a-» and microprocessor sub-
system 144a-», so that neither of the two subsystems would
spend much of time waiting for the results from the other
subsystems.

In one embodiment, the components of system 110, includ-
ing application processing system 114a, front end processing
system 1146 and accelerator system 116, may be mounted
together as a rack-mount system.

The system 110 1s capable of rapid lithography simulation,
inspection, characterization and/or evaluation of the optical
characteristics and/or properties, as well as the effects and/or
interactions of lithographic systems and processing tech-
niques. The system 110 may be employed 1n many applica-
tions, for example, verification, inspection, characterization
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and/or evaluation of the lithographic designs, techniques and/
or systems, and/or individual functions performed thereby or
components used therein. Several of the applications are
listed and described below. It should be noted that this list of
applications 1s not exhaustive. Indeed, system 110 may be
used 1n all the applications that depend on lithography simu-
lation, ispection, characterization and/or evaluation of a
semiconductor design and/or manufacturing, and as such all
applications, whether now known or later developed, are
intended to be within the present invention.

In one application, system 110 may be implemented for
fast RET verification, mnspection and/or characterization.
RET verification may refer to the procedure that uses detailed
simulation of the entire lithography process to verity that the
RET design achieves the desired, anticipated and/or accept-
able results 1n the final water pattern. The desired, anticipated
and/or acceptable results on water 22 are usually part of the
design database, sometimes referred to as reference layer or
design-target layer. The post-RET design database 1s also part
of the design database. After obtaining the simulated wafer
pattern using the post-RET design database, the water pattern
may be compared with the reference layer, and deviations
may then be highlighted, characterized and/or analyzed.

Further, interlayer characterization and/or analysis may be
employed to determine the overlay margin. For example, the
overlay between contact and poly layer 1s critical 1n IC manu-
facturing. Too little or small overlay may cause a lower chip
yield. The present invention may be employed to analyze the
amount ol overlay margin between two related or unrelated
layers, for example, by comparing their correspondingly
simulated water resist pattern. Notably, places or locations
where the margin 1s too small may be highlighted to, for
example, analyze 1n greater detail.

The speed of simulation and/or characterization of RET
designs using the present invention enables RET verification
to be conducted at one, some or all of the different points in
the process window (1.¢., the acceptable lithography process
variation in focus and exposure dose). While the RET design
may be acceptable at certain or given points in the process
window (a combination of a dose and a focus), it may produce
too large of a deviation at other points 1n the process window.
As such, a more thorough and exhaustive RET design verifi-
cation includes analysis and/or simulation of all the points 1n
the lithography process window.

Notably, the present invention may generalize the process
window to include many other process parameters beyond
focus and dose, for example, 1lluminations, mask errors, step-
per aberrations and/or resist thickness. In this situation, the
process window becomes a volume 1n a hyper-dimensional
space.

Besides the edge placement, line-end placement, line
break/bridging, CD errors, and/or any other errors that are
determined by the on-water edge locations, the present inven-
tion may be employed to analyze the water pattern’s printing
sensitivity to process variation, for example, mask error,
focus, dose, numerical aperture, 1llumination aperture, aber-
ration, or other process parameters. The printing sensitivity
refers to the denivative of the walfer pattern error vs. the
process parameter change. The analysis can be achieved by
introducing a small change 1n the process parameters, and
analyze the resulting water pattern characteristics. The higher
the sensitivity, the worse the design’s robustness 1s.

For example, 1n the context of CD sensitivity, the present
invention may be employed to analyze the following deriva-
tives as CD’s sensitivity to those corresponding process
parameters:



US 7,873,937 B2

15

dCD on_water/dCD error on mask. Where “d” 1s refer-
ring to derivative. This specific sensitivity 1s the deriva-

tive of the “CD_on-water” vs. “CD_error_on_mask”™,
1.e., for a unit amount of change 1n “CD_error_on_
mask”, the amount of change 1 “CD_on_water”. This
sensitivity 1s often called as MEEF, 1.e., Mask FError
Enhancement Factor. Two sub-cases can be used:

Global mask error MEEF. In this case, all patterns on
mask are biased at the same time. This sensitivity
relates to mask bias variation across mask.

Local mask error MEEF. In this case, only a single local
pattern on mask 1s assumed to have CD error. This
sensitivity relates to mask defect.

dCD/dFocus_oi_stepper, 1.e., on-waler CD’s sensitivity
vs. stepper focus.

dCD/dDose_oi_stepper, 1.e., on-waler CD’s sensitivity vs.
stepper’s exposure dose.

dCD/dAberration_oi_stepper, 1.€., on-waler CD’s sensi-
tivity vs. stepper’s aberration.

dCD/dIllumination_pupil_of_stepper, 1.€., on-waler CD’s
sensitivity vs. stepper’s illumination pupil (e.g., its size
and shape, and the 1llumination distribution within the
pupil).

dCD/dNA_of_stepper, 1.e., on-waler CD’s sensitivity vs.
stepper’s numerical aperture.

dCD/dThickness_of_resist, 1.e., on-waler CD’s sensitivity
vs. the resist thickness on wafer.

dCD/dRefractive_index_of resist, 1.e., on-wafer CD’s
sensitivity vs. the resist’s refractive index on walfer.
dCD/dResist_stack, 1.e., on-water CD’s sensitivity vs. the
resist stack’s parameters (e.g., thickness of BARC).
dCD/dFlare_of_stepper, on-water CD’s sensitivity vs. the
stepper’s flare amount.
dCD/dResist_processing_parameters, 1.¢., on-waler CD’s
sensitivity vs. the resist processing parameters (e.g., for
example, resist baking time, resist development time).

The above sensitivity values may be referred to as Design-

for-Manufacturability, or DFM metrics. The present mven-
tion may employ the DFM metrics to perform process sensi-
tivity 1nspection, and determine the process weak points in
design. That 1s, the present invention may be employed to
identify design locations that have the sensitivity over certain
threshold. Additional functions 1n this DFM metric analysis
may include:

ANOVA analysis (which 1s a standard techmique 1n statis-
tical analysis of experimental results) to i1dentily key
sensitivity contributing factors and interaction between
the factors

Complete process window determination beyond Dose-
Focus window

Identity the design locations that limit the process window

Give recommendations of design modifications that
enhance process window

It should be noted that all of the above analysis and verifi-

cation/mnspection may be conducted for the unique or generic
characteristics of a specific or particular stepper or scanner.
For example, a waler fabrication facility may have a plurality
of the same or different steppers; each stepper includes own
“signature’” of aberrations or characteristics. As such, the set
of aberrations or characteristics may be incorporated nto the
simulation process (for example, during the acrial image gen-
eration (box 126 o1 F1G. 4))to analyze the design’s suitability
for that individual stepper. Simulation for multiple steppers
may also be used to select the best stepper(s) for the specific
design.

It should also be noted that the RET verification, the multi-
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all other analysis mentioned above, may be applied to either
tull chip design, or 1n a localized region, depending on user
need. Localized region may be particularly useful for inter-
active analysis and review. For example, the circuit designer
may use the localized area analysis to fine-tune a design of
small area libraries, or to fine-tune the small area design
betore the full chip design 1s complete.

The fast simulation may also be used 1n optimization of
lithography settings, for example, searching for enhanced
and/or the optimal (1) 1llumination and NA settings, (11) resist
processing parameters (for example, baking time, develop-
ment time), and (111) resist stack design (for example, resist
thickness, BARC layer structure).

In fact, the fast stmulation may be used in or during the
RET design 1tself, 1.e., searching for enhanced and/or the
optimal RET decoration that provides or produces the
enhanced results on wafer patterning, in terms of, for
example, edge displacement, as compared to desired pattern
onwaier. The RET design may also at the same time optimize
process window size and the DFM metrics. During RET
verification and/or inspection, this design capability may also
be used to produce recommended modificationto RET design
at defective design locations.

Further, the present invention may be employed to co-
optimize or co-enhance the RE'T decoration and the lithogra-
phy settings. For example, the OPC design may be co-opti-
mized with 1llumination methodology. By selecting
appropriate 1llumination together with the OPC design (i.e.,
optimizing the 1llumination and OPC design simultaneously),
the present invention may simplity the OPC decoration with-
out sacrificing the final patterning quality and robustness.
Notably, this approach may reduce the mask making com-
plexity and hence reduce the mask cost.

The present mvention may also be employed to enhance
and/or optimize implementation of other RET technologies,
for example, multiple-exposure. Multiple-exposure refers to
the technique of breaking up the patterns into multiple expos-
ing passes, so that each exposure only prints part of the pattern
with reduced interaction between the patterns (due to, for
example, the increased distance between the patterns). One
existing technique called “double exposure” breaks the pat-
terns nto x- and y-oriented patterns, and employs x- and
y-dipole illumination for them, respectively. Assuming two
exposures or a fixed number of exposures, the optimal decom-
position may not be as simple as an x- and y-separation, but
may depend on the circuit pattern itself. The present invention
may be employed to search and analyze the optimal decom-
position of the chip pattern for multiple exposures. For
example, all exposures may employ the same 1llumination, or
the 1llumination may be different for each exposure in order to
enhance and/or optimize the process.

The 1llumination-decomposition co-optimization may fur-
ther improve lithography quality and robustness. Further,
optimization can include co-optimization together with other
lithography parameters, for example, OPC design, NA, pupil
filtering. Notably, all these optimization and co-optimization
may be enhanced using the system and technique of the
present 1nvention.

Further, the system of the present invention, when
equipped with the process parameters used 1n a semiconduc-
tor foundry, can serve as the “ambassador’” from foundry to its
chip design customers. That 1s, the system encapsulates the
critical process and tool information, and used by foundry’s
chip design customers to assess, measure, and optimize their
designs for their specific foundry partner, without directly
accessing their foundries’ proprietary process details.
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Moreover, the system and technique of the present inven-
tion may feed-forward its simulation results to metrology
tools. That 1s, the system’s results are provided to different
metrology and 1nspection tools in the mask shop and water
fabrication facility. For instance, 1t may be useful to define
“context-sensitive” mask design and manufacturing, for
example, msensitive areas can have relaxed inspection toler-
ances. It may also help to focus the existing metrology and
ispection resources 1n the water fabrication facility so that
they concentrate on the “marginal areas”, for example, physi-
cal RET-design-inspection using metrology tools for those
RET weak points 1dentified in multi-process window 1nspec-
tion and process sensitivity ispection.

The system and technique of the present invention may be
combined with a conventional mask inspection system (for
example, TeraScan DUV Reticle Inspection System from
KL A-Tencor Corporation of San Jose, Calif., USA), to con-
duct real-time simulated wafer pattern inspection. For
example, conventional lithographic and/or mask inspection
systems capture high-resolution 1mage(s) of a mask. The
captured, high-resolution 1mages may have a higher resolu-
tion for mask patterns than the mask pattern’s aerial image
printed on water; as such, the conventional lithographic and/
or mask mspection systems may provide more data, details
and/or information regarding the pattern disposed on the
mask. These high-resolution 1mages may be provided to the
system of the present invention to simulate, analyze and/or
characterize the predicted watler pattern erther 1n resist and/or
alter substrate etching, which 1s 1n turn compared with the
desired circuit pattern on waler. When there 1s deviation, a
defect may be 1dentified. Doing so not only verifies that the
mask 1s fabricated according to a desired post-RET design,
but also verifies that the realization of the RET design on
mask will create the desired results on water. This inspection
mode 1s different from current mask inspection industry’s
practices of D:D or D:DB 1nspection, since this inspection
mode compares a simulated on-watfer in-resist or aiter-etch
pattern to the design target, therefore realizing a Die-To-
Target (D:T) mnspection mode. FIG. 7 illustrates an exemplary
process tlow of D:T inspection.

D:T inspection mode need not use the post-RET design
database. Instead, the D:T inspection mode may use the high-
resolution 1image captured by the mask mspection tool as the
post-RET data to simulate the 1n-resist or after-etch image or
pattern on watfer. D: T mspection technique may then employ
the stmulated 1n-resist or after-etch pattern to compare to the
design’s on-waler target pattern.

The D:T ispection mode 1s a highly dynamic-per-pixel-
printability mspection method for masks because 1t only cap-
tures the defects that affect the printed wafer circuit pattern,
and does not report those defects that do not change the water
circuit pattern, which are known as nuisance defects (i.e.,
defects that do not affect chip yield). By eliminating the
nuisance defects, D:T inspection may reduce un-necessary
mask “scraps’’, improve mask yield, and/or reduce mask cost.
D: T may also capture, detect and/or identily mask defects that
are “below” the detection threshold of D:D or D:DB inspec-
tion but affect the water circuit pattern when combined with
lithography optics (of, for example, a stepper or scanner) and
the wafer resist processing, thereby reducing the possibility
of wafer yield loss.

Notably, the D: T mspection technique may be integrated
and/or combined with D:DB 1nspection techniques, to 1den-
tify additional, false and/or undetected defects in the RET
design. For example, where the D:T inspection technique
detects and/or identifies a significant defect, but D:DB
ispection technique does not detect and/or identify that
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defect or defective area on mask (i.e., the mask 1s just as
designed according to post-RET database), it 1s likely that the
RET design at the defective area includes or 1s 1n error (1.e.,
the design cannot produce the desired wafer pattern even
though the mask 1s made according to that design).

In another aspect, D:T inspection may also improve the
inspectability of masks. The small and complex OPC features
make traditional D:D or D:DB inspection very challenged.
Many small OPC feature may be flagged as “defect” (i.e.,
false defect), reducing the mspectability and hence creating
constrams 1 OPC design. With D:T inspection, the high-
resolution 1mage 1s directly used to simulate the on-wafer
in-resist or after-etch pattern, where all small OPC features
have been filtered out. The comparison to design target no
longer 1nvolves small OPC features and hence false defect
rate may be reduced.

Notably, the product literature, application notes, techni-
cal/journal articles, and operator’s manual(s) of the TeraScan
DUYV Reticle Inspection System from KLA-Tencor Corpora-
tion are incorporated by reference herein.

In another embodiment for mask ispection technique
according to the present inventions, the systems, devices and/
or techniques described and illustrated 1n non-provisional
patent application “System and Method for Lithography Pro-
cess Monitoring and Control”, which was filed on Mar. 18,
2003 and assigned Ser. No. 10/390,806 (heremafter “Lithog-
raphy Process Monitoring and Control Patent Application™),
may be employed, in conjunction with the invention(s) of the
present invention, to measure, mspect, characterize and/or
evaluate optical lithographic equipment, methods, and/or
sub-systems related thereto (for example, the optical sub-
systems and control systems of the equipment as well as
photomasks used therewith). In this regard, the aernal
image(s) sampled and/or collected using the systems and
techniques of the Lithography Process Monitoring and Con-
trol Patent Application may be provided to the system of the
present invention to compare with the simulated and/or pre-
dicted water pattern. In this mode, the system of the present
invention provides the simulated aerial image using the post-
RET database and the optical settings of the lithographic
equipment (notably, the resist development and substrate etch
simulations are omitted 1f only aerial 1image 1s needed), and
the systems and techniques of the Lithography Process Moni-
toring and Control Patent Application provide the actual
aerial 1image captured from inside the lithographic equip-
ment. This may be done on a pixel-by-pixel basis to identify
deviations/defects therebetween.

In particular, this mask inspection technique detects or
identifies defects 1 a lithographic design using a simulated
lithographic design and a measured aerial 1image of the litho-
graphic design. The method includes generating a pixel-
based bitmap representation of the lithographic design,
wherein the pixel-based bitmap includes pixel data, and each
pixel datum represents a pixel having a predetermined pixel
s1ze (as described above). The method generates a simulated
aerial image of the lithographic design using the pixel-based
bitmap representation of the lithographic design.

The method further includes measuring 1mage data to gen-
crate a measured aerial image of the lithographic design
wherein the measured aerial 1image 1s a pixel-based bitmap
representation of the lithographic design produced by a litho-
graphic tool at a waler plane. Thereaiter, the method com-
pares the measured aerial image of the lithographic design
and the simulated aerial image of the lithographic design to
detect potential errors in the lithographic design. Moreover,



US 7,873,937 B2

19

the method may also compare the simulated aerial 1mage of
the lithographic design to a desired, predetermined pattern
contained 1n a database.

As described above, the pixel-based bitmap representation
of the lithographic design may include converting a plurality
of polygons arranged 1n a predetermined configuration to a
pixel-based bitmap representation thereof. The pixel-based
bitmap may be a gray-level image which 1s representative of
the plurality of polygons.

Further, the pixel size may be determined as described
above. In one embodiment, the pixel size may be greater than
the Nyquist frequency 1n the aerial image of the lithographic
design and/or determined using the numerical aperture and
wavelength of a projection optics of a lithographic tool.

Of course, this method may be implemented on one or
more of the embodiments of the system of the present inven-
tion. Indeed, all of the embodiments, inventions, features
and/or techniques described above with respect of the other
ispection techmques may be implemented in the mask
ispection technique that detects or identifies defects 1n a
lithographic design using a simulated lithographic design and
a measured aerial image of the lithographic design. For the
sake of brevity, those discussions will not be repeated.

Notably, as mentioned above, the inventions described and
illustrated 1n the atorementioned patent application may be
employed to collect actual water pattern for mask 1inspection.
For the sake of brevity, those discussions will not be repeated
here; rather, 1t 1s expressly noted, however, that the entire
contents of the aforementioned patent application, including,
for example, the features, attributes, alternatives, materials,
techniques and advantages of all of the inventions, are imcor-
porated by reference herein.

There are many inventions described and 1llustrated herein.
While certain embodiments, features, materials, configura-
tions, attributes and advantages of the inventions have been
described and 1llustrated, it should be understood that many
other, as well as different and/or similar embodiments, fea-
tures, materials, configurations, attributes, structures and
advantages of the present inventions that are apparent from
the description, illustration and claims. As such, the embodi-
ments, features, materials, configurations, attributes, struc-
tures and advantages of the inventions described and 1llus-
trated herein are not exhaustive, and it should be understood
that such other, similar, as well as different, embodiments,
features, materials, configurations, attributes, structures and
advantages of the present mnventions are within the scope of
the present invention.

In particular, 1n one application, this system facilitates and
enables rapid verification or mspection of RET design. This
refers to the procedure that uses detailed simulation of the
entire lithography process to verily, characterize and/or ana-
lyze a RET design, including with respect to the desired/
anticipated results on final water pattern.

What 1s claimed 1s:

1. A system to simulate a lithographic design comprised of
a plurality of polygons arranged 1n a predetermined configu-
ration, the system comprising:

a microprocessor subsystem to convert a circuit design
database, which 1s representative of a integrated circuit
pattern, to a pixel-based bitmap representation thereot,
wherein the pixel-based bitmap includes pixel data; and

an accelerator subsystem, coupled to the microprocessor
subsystem, to calculate at least a portion of an aerial
image of the lithographic design using the pixel-based
bitmap representation of the lithographic design.

2. The system of claim 1, further including a plurality of

accelerator subsystems, wherein each accelerator subsystem
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1s coupled to the microprocessor subsystem and provided a
portion of the pixel-based bitmap to calculate an aeral image
of the lithographic design corresponding to the portion of the
pixel-based bitmap using the pixel data associated therewith.

3. The system of claim 1, wherein, the circuit design data-
base includes a plurality of polygons arranged 1n a predeter-
mined pattern.

4. The system of claim 1, wherein, the accelerator sub-
system further includes a plurality of programmable gate
arrays configured to process the pixel data in parallel.

5. The system of claim 1, wherein the lithographic design
includes resolution enhancement technology and wherein the
microprocessor subsystem converts a plurality of polygons,
including resolution enhancement technology, to a pixel-
based bitmap representation thereof.

6. The system of claim 1, wherein the microprocessor
subsystem includes a plurality of microprocessors and
wherein each microprocessor 1s coupled to at least one asso-
ciated accelerator subsystem.

7. The system of claim 1, wherein the accelerator sub-
system calculates an aerial image in resist formed on a water
by the lithographic design, and wherein the accelerator sub-
system calculates the aerial image 1n resist using the pixel-
based bitmap representation of the lithographic design and a
coellicient matrix representing projection and illumination
optics of a photolithographic tool.

8. The system of claim 7, wherein the accelerator sub-
system calculates a pattern formed on the wafer by the litho-
graphic design.

9. The system of claim 8, further including a processing
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to compare the calculated pattern on
the water to a desired, predetermined pattern.

10. The system of claim 8, further including a processing
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to determine a critical dimension
(CD) of the lithographic design using the calculated pattern
on the water.

11. The system of claim 8, further including a processing
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to determine an edge placement of the
lithographic design using the calculated pattern on the water.

12. The system of claim 8, further including a processing
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to determine a printing sensitivity
using patterns on the water calculated 1n response to varying
coellicients of the matrix representing projection and 1llumi-
nation optics of a photolithographic tool.

13. The system of claim 12, wherein the coetlicients of the
matrix representing projection and illumination optics of a
photolithographic tool are representative of one or more of a
focus, dose, numerical aperture, 1llumination aperture, and
aberration.

14. The system of claim 13, wherein the processing system
determines a set of parameters of the projection and 1llumi-
nation optics ol a photolithographic tool using the printing
sensitivity.

15. The system of claim 8, further including a processing
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to detect an error 1n the lithographic
design 1n response to a comparison between the calculated
pattern on the water and a desired, predetermined pattern.

16. The system of claim 15, wherein, 1n response to detect-
ing the error, the processing system determines a modifica-
tion to the lithographic design to correct the error in the
lithographic design.
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17. A system for simulating a lithographic processing of an
integrated circuit design, the system comprising:

a microprocessor subsystem to perform a {irst portion of

the simulating; and

a co-processing accelerator, coupled to the microprocessor

subsystem, to perform a second portion of the simulat-
ing, the second portion including calculating at least a
portion of an aernial image of the integrated circuit
design, wherein the co-processing accelerator includes a
plurality of processors configured to perform the second
portion 1n parallel.

18. The system of claim 17, wherein the second portion 1s
more computationally intensive than the first portion.

19. The system of claim 17, wherein the first portion
includes processing at least a portion of the integrated circuit
design 1nto a pixel-based bitmap.

20. The system of claim 19, wherein the pixel-based bit-
map comprises a gray-level image which is representative of
a plurality of polygons 1n the integrated circuit design.

21. The system of claim 19, wherein the co-processing
accelerator performs Fast Fourier Transforms, using pixel
data, to generate the corresponding portion of the aerial
image.

22. The system of claim 19, wherein the co-processing
accelerator further calculates a resist image corresponding to
the portion of the aerial image formed on a waler by the
integrated circuit design using the pixel-based bitmap repre-
sentation of the integrated circuit design and a coelficient
matrix representing projection and illumination optics of a
lithographic tool.

23. The system of claim 22, further including a processing
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to compare the calculated pattern on
the water to a desired, predetermined pattern.

24. The system of claim 22, further including a processing,
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to determine a critical dimension
(CD) of the lithographic design using the calculated pattern
on the water.

25. The system of claim 22, further including a processing,
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to determine an edge placement of the
lithographic design using the calculated pattern on the water.

26. The system of claim 22, further including a processing,
system, coupled to the microprocessor subsystem and the
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accelerator subsystem, to determine a printing sensitivity
using patterns on the water calculated 1n response to varying
coellicients of the matrix representing projection and 1llumi-
nation optics of a lithographic tool.

277. The system of claim 26, wherein the coetficients of the
matrix representing projection and illumination optics of a
lithographic tool are representative of one or more of a focus,
dose, numerical aperture, 1llumination aperture, and aberra-
tion.

28. The system of claim 27, wherein the processing system
determines a set of parameters of the projection and 1llumi-
nation optics of the lithographic tool using the printing sen-
sit1vity.

29. The system of claim 22, further including a processing,
system, coupled to the microprocessor subsystem and the
accelerator subsystem, to detect an error 1n the lithographic
design 1n response to a comparison between the calculated
pattern on the water and a desired, predetermined pattern.

30. The system of claim 29, wherein, in response to detect-
ing the error, the processing system determines a modifica-
tion to the lithographic design to correct the error in the
lithographic design.

31. The system of claim 17, wherein the integrated circuit
design 1ncludes resolution enhancement technology and
wherein the microprocessor subsystem converts a plurality of
polygons 1n at least a portion of the design, including resolu-

tion enhancement technology, to a pixel-based bitmap repre-
sentation thereof.

32. The system of claim 17, wherein the co-processing
accelerator further calculates a resist image corresponding to
the portion of the aerial image formed on a waler by the
integrated circuit design.

33. The system of claim 17, wherein calculating the aerial
image includes modeling the aerial image path through pro-
jection optics of an 1imaging system used for the lithographic
processing based on a given illumination scheme.

34. The system of claim 17, wherein calculating the aerial
image includes decomposing an 1imaging system used for the
lithographic processing into a plurality of coherent imaging
systems.

35. The system of claim 34, wherein the coherent imaging
systems comprise transmission cross coellicients (1TCCs).
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